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We have developed a torsion machine that can apply pure shear stress to small-diameter rod samples.
We report preliminary results on Cu-based metallic glass samples held at constant torque in the elastic
range. The inelastic angle of twist increases approximately linearly with the logarithm of time, inter-
preted as anelastic deformation. Reversal of torque reveals an effect analogous to the Bauschinger effect
in polycrystalline metals. The relative deformation rate is increased by a factor of 4.5 on ﬁrst reversal, an
effect discussed in terms of the operation of shear transformation zones and related to structural change
in the metallic glass.
 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
The Bauschinger effect (BE), reported in 1881, refers to a
reduced yield stress after a reversal of loading [1], and is near-
ubiquitous in conventional engineering alloys. It is commonly
explained in terms of a composite model, in which the material
develops harder and softer regions (for example arising from an
inhomogeneous dislocation density) on initial loading [2]. At the
level of individual dislocations, back stresses arise by pile-up at
grain boundaries or in Orowan loops around hard precipitates,
and assist reverse glide at lower yield stress when the loading is re-
versed. The key point is that the BE follows from the development
of inhomogeneous internal stresses on greater or lesser length
scales. Because they lack dislocations and the microstructural fea-
tures associated with crystalline alloys, it has long been of interest
to understand whether a similar effect could arise in amorphous
solids, such as metallic glasses (MGs).
The BE has been observed in polymeric (molecular) glasses [3],
but in atomic (metallic) glasses it has mostly been studied in sim-
ulations. The ﬁrst study, by Deng et al. [4] used molecular dynam-
ics (MD) to show that for a 2D atomic glass, unloaded at the onset
of plasticity or in the plastic regime, there is a strong BE. Further
MD work, mainly in 2D but partly in 3D, conﬁrmed the BE after a
large preliminary shear strain c of 0.5 [5]. After uniaxial deforma-
tion a MG is anisotropic, such that its yielding is different when it isloaded again in the same direction or in an orthogonal direction,
termed an orthogonal Bauschinger effect [6]. MD simulations of a
MG pre-treated by loading in compression–compression fatigue
showed an increased yield stress ry in compression and decreased
ry in tension [7], with the inverse effects for pre-loading in ten-
sion–tension fatigue. These results on fatigue pre-loading are
important for the present work, for they suggest that Bauschin-
ger-type effects can be induced by pre-loading in the elastic re-
gime, a result so far not veriﬁed experimentally.
The ﬁrst experimental report of the BE in a MG [8] was based on
plastic deformation in alternate torsion loading. Torsion tests are
particularly attractive for the ease and symmetry of load reversal,
and for the pure shear stresses obtained. In particular, there is no
potential contribution to asymmetry (such as there is in comparing
uniaxial tension and compression) arising from the pressure-
dependence of the ﬂow stress. Torsion tests on bulk metallic
glasses [9,10] have been used to study elasto-plastic behaviour
(monotonic torque). More relevant for the present work are mea-
surements of stress and strain relaxation in metallic glass ribbons
[11,12].
After applying a uniaxial compressive stress (below the elastic
limit) for several hours at room temperature, MGs show improved
plasticity [13] and reduced density [14]. On loading below the elas-
tic limit, MGs show an instantaneous elastic response and then
time-dependent ﬂow that includes viscoplastic creep, and substan-
tial anelasticity, i.e. a time-dependent elastic (recoverable) re-
sponse. Many of the effects of elastic loading may be attributed
to the anelastic deformation, which for example appears to have
a distinctive effect on the induced anisotropy [15].
Plastically deformed MGs develop inhomogeneity and show
harder and softer regions [16]. While this could in principle be
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vides no basis for a dislocation-based theory. The search for a BE in
plastic ﬂow is hindered by the softening of MGs associated with
shear-banding (in contrast to the work-hardening familiar in con-
ventional alloys). Anelastic deformation is, however, of interest
as its time-dependence must relate to relaxation processes in the
MG structure that in turn should be connected to the onset of plas-
ticity. In particular, anelasticity may offer a way to study the oper-
ation of the shear transformation zones (STZs [17]) often used to
interpret the deformation of MGs. Fujita et al. have used torsion
tests to observe anelasticity in MGs loaded (at maximum, on the
cylindrical sample surface) to 30%, 16% and just 4% of the shear
yield stress sy [18]. In the present work we apply torsion to MG
samples to reach stresses up to 24% of sy, and for the ﬁrst time
in the elastic regime investigate the effects of torque reversal.
2. Experimental methods
Fully glassy samples of Cu46Zr42Al7Y5 (nominal composition in at.%) were pre-
pared by arc-melting and then casting into rods of 3 mm diameter. Torsion samples
3 cm long were then cut from the cast rods and painted black to eliminate stray
light reﬂection during the tests. Five white stickers, 1  1 mm2 square, were aligned
on the black surface with a spacing of 2 mm. The glass-transition temperature
(Tg = 692 K) of this bulk MG was determined by heating at 20 K min1 in a differen-
tial scanning calorimeter (TA Instruments Q2000). The compressive yield strength
(ry = 1.56 GPa) was measured in monotonic uniaxial compression. The shear
strength sy was estimated using the Tresca criterion (sy = ry/2 = 0.78 GPa). The elas-
tic properties of the MG (Young modulus E = 84.2 GPa; shear modulus G = 30.8 GPa;
bulk modulus B = 104.4 GPa; Poisson ratio m = 0.366) were determined by resonant
ultrasound spectroscopy (RUS) as described in Ref. [15].
An electro-hydraulic servo-controlled testing machine (Instron Mayes, 100 kN)
was used for torsion testing. The machine, designed for axial force and displace-
ment, was adapted (Fig. 1) for torsion testing using a gear to convert the linear dis-
placement into a rotation. The torque is transmitted to the test specimen through a
torsion-bar. The torque is calculated from the load and the gear diameter, and the
total twist is obtained from an angle monitor attached to the torsion bar. The sam-
ple’s angle of twist (/) is then calculated, taking into account the stiffness of the
machine which is characterized by torquing silver-steel samples 3 mm in diameter
(product from RS Components). Shear strains in the sample are obtained from /,
and also calculated from the displacements of the markers. The end block on the left
of the sample (Fig. 1) is mounted on low-friction wheels, allowing horizontal move-
ment (measured by an LVDT) if the specimen elongates or shortens.
Similar torsion settings were used in previous works [9,10]. In both cases, the
machines were ‘end free’, eliminating the effect of normal stress in the axial direc-
tion. However, these earlier works the middle part of the torsion samples was ma-
chined to a reduced diameter, giving high shear stress in this region at same applied
torque. Kovács et al. [10] measured the shear strain with high accuracy using an ink
line applied to the sample surface. Such possibilities will be considered for our
future experiments.
To test the machine, cyclic torsion tests were made applying a torque varying
sinusoidally with a frequency of 0.02 Hz and an amplitude of 0.4 N m — well below
the yield torque (i.e. that estimated to initiate yield at the sample surface) ofFig. 1. Schematic design of the torsion rig mounted in a standard testing machine. A
40 mm diameter gear converts the uniaxial load into a torque. The angle monitor
gives the total angle of twist. A camera records the marker positions on the sample
surface every 0.1 s.Ty = 4.1 N m for these samples. Fig. 2 shows the relationship between torque (T)
and angle of twist (/). The shear stress and strain were obtained using
s = 16T/pd3 and c = d/2l respectively, where d and l are the diameter and length
of the sample between the grips (in this case, l = 15 mm). The torque–angle and
stress–strain relations are linear and reproducible, although the zero-point of / at
the beginning of unloading is always off-set, because of machine backlash.
The shear modulus G can be measured from the gradient of the stress–strain curve,
and is found to be 31 ± 2 GPa, consistent with the value of 30.8 GPa obtained
from RUS.3. Results
An as-cast sample was loaded with successive torques of 0.4,
0.6 and 1.0 N m for 90, 90 and 70 h respectively. Between each
such loading there was an unloaded period of 110 h (inset in
Fig. 3). With these torques, the maximum shear stress, at the cylin-
drical sample surface, is 0.08, 0.11 and 0.19 GPa (24% of the esti-
mated sy). After the instantaneous elastic response, / increases
with time, at a decreasing rate. As shown in Fig. 3, the increase is
approximately linear with log(time), although the curvature in
these plots is consistent with the approach to a saturation value
of /. The data are consistent with anelastic deformation, and cer-
tainly do not show / increasing linearly with time as would be ex-
pected for steady-state viscoplastic creep.
In Fig. 3 the data are ﬁtted to / ¼ a log t þ /0, where a, t and /0
are relative deformation rate, time and elastic angle of twist
respectively. We use a to provide a convenient characterization
of the relative ﬂow rate in the anelastic deformation. The respec-
tive values of a are 0.026, 0.020, 0.013 at torques of 0.4, 0.6,
1.0 N m. The successive lower values of a, despite increasing tor-
que are a clear sign of a saturation / being approached, i.e. anelas-
tic rather than viscoplastic deformation.
It is also evident in Fig. 3 that, for example, the relative defor-
mation rate (local slope of the curve) is greater at the beginning
of the second loading period than at the end of the ﬁrst. This re-
mains true even if the relative deformation rate is linearly normal-
ized to account for the 50% increase in applied torque. The
possibility that a change in stress state may accelerate the defor-
mation over what would found under constant load is investigated
further by stress reversal.
A different as-cast sample was subjected to a torque of 1.0 N m
and then reverse-torqued at 1.0 N m, in each case for 2 h. Such
short times help to ensure that anelastic deformation dominates
over any possible viscoplastic component. Then this sequenceFig. 2. Sinusoidal cyclic torsion test of the Cu-based BMG shows linear relationships
between torque (T) and angle of twist (/) and between shear stress (s) and shear
strain (c). The open circles show data corrected for the step in / (machine backlash)
on unloading.
Fig. 3. In successive periods of constant torque (inset), / increases roughly as
log(time). The ﬁttings (R2 > 0.96) give the relative deformation rates a.
Fig. 4. Cyclic-torsion testing: the torque is 1.0 Nm reversed every 2 h (inset). After
the ﬁrst reversal, a increases 4.5 times and then decreases in further reversals. The
ﬁtting to obtain a is good in the ﬁrst two loading stages (R2 > 0.97), but poorer in
later stages (R2 = 0.92, 0.88) because of lack of data points.
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shows / as a function of time. The time-dependent change in /
(i.e. torsional deformation) is particularly evident during the ﬁrst
period of reversed stress. The values of relative deformation rate
a in successive loaded and reverse-loaded periods are 0.060,
0.272, 0.113, 0.064, showing the accelerated deformation during
the ﬁrst reversal, and a gradual decrease of deformation rate on
further stress reversals. The total time-dependent shear strain c
during loading also changes in successive loading periods, natu-
rally in a trend similar to that of a: 2.45  104, 1.08  103,
4.36  104 and 2.45  104 in sequence. For comparison, the
instantaneous elastic strain is 5.72  103.4. Discussion
The Bauschinger-type effect observed in this work, in which
there is accelerated time-dependent deformation on ﬁrst stress
reversal (Fig. 4) appears to be associated with anelasticity rather
than viscoplasticity. A central question is, then, how can anelastic
deformation build up back-stresses capable of giving a Bauschinger
effect? It has already been noted (§1) that prolonged elastic loading
of MGs can give anelastic deformation with associated changes in
structure and properties. Such time-dependent deformation can be
associated with the biased activation of shear transformations. On
unloading, the MG now has a structure with, as described byKarmakar et al. [5], ‘‘closer mechanical instabilities in one straining
direction than the opposite’’.
This can be considered at the level of individual shear-transfor-
mation zones (STZs), within which a conﬁguration of atoms has
more mobility (less resistance to shear in the direction of the ap-
plied stress) than the surrounding material, which acts as a rela-
tively rigid, elastically deformable cage. STZs that have sheared
in the direction of the applied stress during an initial loading per-
iod (below the elastic limit), are under a back-stress from the sur-
rounding cage, which then aids reverse shear (‘ﬂipping back’) when
the loading is reversed. This back-stress is also believed to be the
origin of macroscopic anelasticity in MGs, where shear events in
a large volume fraction of isolated STZs can be reversed by back-
stress from the elastic matrix [19,20]. On reversal of the loading
such ﬂipping back is accompanied by the activation of the STZs
that would have operated had the initial stress been in the reverse
direction, in an isotropic initial glass just the same in their effect
(but opposite in their polarity) as those that did operate on ﬁrst
loading. In this picture, then, the time-dependent strain in the ﬁrst
reversal would be expected to be roughly twice that during the ini-
tial loading (for equal loading times). Evidently, the strain on ﬁrst
reversal is much greater than this.
In their pioneering study, Deng et al. [4] noted that while the lo-
cal shear transformations induced by an applied stress are mostly
in the direction of the stress, there are many other shears in essen-
tially random directions: the loading induces signiﬁcant structural
change. Packard et al. [21] have shown that, below the elastic limit,
cyclic loading (in nanoindentation, loading and unloading in com-
pression) is much more effective than monotonic loading in induc-
ing structural change. In effect, their cyclic loading induces a
mechanical annealing in which, in their terms, there is a gradual
‘‘shaking down’’ towards an ideal glass conﬁguration. Such a shak-
ing-down effect must involve local shears. We note that the accel-
erated ﬂow seen in the present work on reverse loading may be a
reﬂection of such a shaking down in which local shears are partic-
ularly activated by the reversal in stress state. As a more relaxed
glass state is approached, such shaking down is less and less evi-
dent in subsequent reversals, and thus the anelastic deformation
rate should fall towards, or below, the value characteristic of sim-
ple monotonic loading.
In the present work, it is striking that the acceleration of anelas-
tic deformation is very much higher when the stress is reversed
(Fig. 4) than when it is cycled with one sign of shear only. This sug-
gests that stress reversal is particularly effective in inducing
mechanical annealing.5. Conclusions
Preliminary studies have been made of the effects of room-
temperature torsional loading of a Cu-based bulk MG in the elastic
regime (maximum s/sy = 24%, T/Tg = 40%). Under constant torque,
the angle of twist shows a time dependence that is interpreted
as due to recoverable anelastic deformation, not to viscoplastic
creep. Torque reversal shows a Bauschinger-type effect in the
anelastic deformation; in particular, the relative deformation rate
increases by a factor of 4.5 on the ﬁrst reversal. This result is con-
sidered in terms of the operation of shear transformation zones
(STZs) in the MG, and it is suggested that stress reversal in the elas-
tic regime is particularly effective in inducing local structural
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